The effect of dexamethasone, a selective GR agonist, on hippocampal, 5-HT1A receptor mRNA expression and 5-HT1A binding was examined using in situ hybridization histochemistry and in vitro receptor autoradiography. One week after adrenalectomy, both 5-HT1A receptor mRNA expression and 5-HT1A binding were increased throughout the hippocampus. Administration of dexamethasone at the time of adrenalectomy significantly attenuated the increases in 5-HT1A mRNA expression in all hippocampal subfields (p < . OS, Fisher Test), although 5-HT1A mRNA levels 
The hypothalamo-pituitary-adrenal (HPA) axis is in strumental in controlling adaptive responses to physi ological and psychological stressors. The final products of the HP A axis, adrenal steroids, have been shown to have profound effects on mood and behavior (McEwen 1987) . For example, Cushing's syndrome, which is characterized by elevated corticosteroid levels, is as sociated with a high incidence of depression (Kathol 1985) . Indeed, a significant proportion of depressed pa tients exhibit symptoms indicative of an overstimulated HP A axis (Murphy 1991) , providing a basis for the puta tive involvement of adrenal steroids in the pathophys iology of affective disease. The precise mechanisms by remained significantly higher than sham levels in all subfields with the exception of CAl. However, 5-HT1A binding levels were responsive to dexamethasone administration only within particular hippocampal subfields, CAl, and dentate gyrus. We conclude that GR occupation negatively regulates 5-HT1A receptor mRNA expression within the hippocampus and that 5-HT1A receptor sites are most sensitive to modulation in those hippocampal subfields expressing higher levels of GR receptors. [Neuropsychopharmacology 10:215-222, 1994J which corticosteroids may control aff ective state are un clear. However, it is likely that hormonal interactions with neurotransmitter systems involved in modulating limbic circuitry are important.
Animal studies have shown that corticosteroids can alter several elements of serotonergic neurotransmis sion, including serotonin (5-HT) metabolism and turn over (Curzon et al. 1972; Van Loon et al. 1981; Singh et al. 1990 ). However, it is also evident that adrenal steroids can act to directly regulate 5-HT receptors (Bie gon et al. 1985; De Kloet et al. 1986 ), providing a direct means by which corticosteroids can act to modulate syn aptic serotonergic activity. Such regulation is particu larly evident within the hippocampal formation. Elec trophysiological evidence indicates that 5-HT-induced responses within the hippocampus are sensitive to a brief application of corticosteroids (Joels et al. 1991) , providing a functional coupling for steroid-5-HT recep tor interactions in this region. Pharmacological studies indicate that at least two subtypes of corticosteroid receptors are found in the brain: the mineralocorticoid receptor (MR), which binds corticosterone with high affinity but low capacity, and the glucocorticoid recep-0893-133X/94/$7.00 tor (GR), which exhibits a lower affInity for the endog enous ligand but high capacity (Reul and De Kloet 1985) .
The hippocampus contains very high concentrations of both MR and GR receptors compared to other brain regions (Sarrieau et al. 1984; Fuxe et al. 1985) . In situ hybridization histochemistry has confIrmed the intra hippocampal synthesis of these sites and provided a clear picture of their respective distributions across hip pocampal subfIelds (Herman et al. 1989a; ).
At least seven major families of 5-HT receptors are found in the brain; 5-HTl, 5-HT2, 5-HT 3 , 5-HT4, 5-HT s , 5-HT 6 , and 5-HT7 (Frazer et al. 1990; Ruat et al. 1993 ).
Early investigations indicated that hippocampa15-HTI receptors were specifIcally sensitive to corticosteroid modulation (Biegon et al. 1985; De Kloet et al. 1986 ).
However, recent molecular cloning data indicates that at least six subtypes of 5-HTI receptors, 5-HTIA-IF, can now be differentiated in the CNS (Albert et al. 1990; Julius et al. 1988; Hamblin et al. 1992; Lovenberg et al. 1993; Adham et al. 1993) . Of these, the 5-HTIA recep tor is found in particularly high abundance within the hippocampus (Chalmers and Watson 1991; Pompeino et al. 1992) . Using autoradiographic techniques, we and others have con-fIrmed the specifIc sensitivity of 5-HTIA receptors to corticosteroid regulation within hippocam pal subfIelds Mendelson and McEwen 1992) . Moreover, we have established that adrenal steroids selectively regulate 5-HTIA receptors at the level of 5-HTIA mRNA expression and that this effect may be mediated by MR receptors ).
The present studies were designed to investigate the sensitivity of hippocampal 5-HT lA receptors to selective GR activation using the synthetic GR agonist dexamethasone. We have employed a specifIc 5-HTIA cRNA riboprobe and a selective 5-HTIA ligand to allow simultaneous autoradiographic analysis of both 5-HTIA mRNA and 5-HTIA receptors in discrete anatomical subfIelds of the same brain.
METHODS

Animals
In all studies subjects were male Sprague-Dawley rats (250 to 300 g). Rats were housed six per cage in a 12 hour light:dark cycle and allowed free access to food and water.
Treatment Protocol
Rats were either adrenalectomized (ADX) (12) or sham ADX (11) bilaterally using a dorsal approach. All sur geries were performed between 9:00 A.M. At the time of sacrifIce, trunk blood was collected and assayed for corticosterone and adreno-cortico-trophic hormone (ACTH).
Riboprobe Design
5-HT1A cRNA riboprobe was produced from a Ball
Pvull fragment of the rat 5-HTIA receptor gene (Albert et al. 1990) 
In Situ Hybridization
Sections were removed from storage at -80°C and placed directly into 4% buffered paraformaldehyde at room temperature. After 60 minutes, slides were rinsed in isotonic phosphate buffered saline (10 minutes) and treated with proteinase K (1 Ilg/ml in 100 mM Tris/HCl, pH 8.0) for 10 minutes at 37°C. Subsequently, sections underwent successive washes in water (1 minute), 0.1 M triethanolamine (pH 8.0, plus 0.25% acetic anhy dride) for 10 minutes and 2x SSC (0.3 mM NaCl, 0.03 mM sodium citrate, pH 7.2) for 5 minutes. Sections were then dehydrated through graded alcohols and air dried.
Post-fIxed sections were hybridized with 1.0 x 10 6 dpm [3SS]UTP-labeled riboprobe in hybridization buf fer containing 75% formamide, 10% dextran sulphate, 3x SSC, 50 mM sodium phosphate buffer pH 7.4), lx Denhardt's solution, 0.1 mg/ml yeast tRNA and 10 mM dithiothreitol in a total volume of 25 Ill. The diluted probe was applied to sections on a glass coverslip that was sealed into place with rubber cement. Sections were hybridized overnight at 55°C in a humid environment. Post-hybridization, the rubber cement was re moved and sections were washed in 2 x SSC for 5 minutes and then treated with RNase A (200 J.1g/ml in 10 mM Tris/HCl, pH 8.0, containing 0.5 M NaCl) for 60 minutes at 37°C. Subsequently, sections were washed in 2 x SSC for 5 minutes, 1 x SSC for 5 minutes, 0.5 x SSC for 60 minutes at hybridization temperature, 0.5 x SSC at room temperature for 5 minutes and then de hydrated in graded alcohols and air dried. For signal detection, sections were placed on Kodak XAR-5 X-ray film and exposed for 2 days at room temperature.
In Vitro Receptor Autoradiography
[3H]-8-0H-DPAT binding was performed according to published methods (Palacios et al. 1987) . Slide-mounted tissue sections were preincubated in 0.17 M Tris/HCI, pH 7.6, containing 4 mM CaCh and 0.1 % ascorbic acid for 30 minutes at room temperature. Subsequently, sec tions were incubated with 2 nM [ 3 H]8-hydroxy-2-(N, N-di-n-propylamino) tetralin) for 60 minutes at room temperature. Post-incubation, slides were washed in incubation buffer (2x 5 minutes) at 4°C and dried in a stream of cold air. Non-specibc binding was deter mined in the presence of 2 J.1M 5-HT. Sections were ap posed to tritium-sensitive Hyperfllm and exposed at room temperature for 10 days. As 2 nM has been deter mined as a saturating concentration for 8-0H-DPAT (Palacios et al. 1987) , resulting auto radiograms are a measure of Bmax for 5-HT1A receptors.
Microdensitometric Analysis
Autoradiograms generated from both in situ hybrid ization and in vitro receptor autoradiography were ana lyzed using an automated image analysis system (Dage camera, MACIIIIMAGE program). Anatomical regions of interest were interactively selected and mean optical density measurements for each region were determined from at least six coronal sections. Hippocampal sub fields were determined with reference to Nissl-stained sections and the anatomical atlas of Paxinos and Wat son (1986) . Nonspecibc labeling of [35S]-riboprobes was determined from an area of section exhibiting appar ent lack of hybridization signal. For in vitro receptor autoradiograms, nonspecibc binding was determined from adjacent sections incubated with [ 3 H]-8-0H DP AT in the presence of 2 J.1M 5-HT. Optical density values from receptor autoradiograms were converted to pmolesl g tissue with reference to pre-calibrated tritium standards. Statistical differences were deter mined by one-way ANOV A and post hoc Fisher test.
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RESULTS
Plasma Corticosterone and ACTH Levels
ADX animals possessed undetectable corticosterone values. The sham-saline group had a mean plasma cor ticosterone value of 1.2 ± 0.5 J.1g/dl whereas sham-dex amethasone animals exhibited undetectable levels. ACTH measurements were utilized to assess the effec tiveness of dexamethasone administration; for ADX saline and ADX-dexamethasone groups, these were 53.3 ± 25 fmoles/ml and 29.4 ± 12 fmoles/ml, respec tively. For sham-saline and sham-dexamethasone groups, these were 16.6 ± 3 fmoles/ml and 20.6 ± 3 fmoles/rnl, respectively.
Effects of Dexamethasone Administration
After 1 week ADX, 5-HT1A receptor mRNA expression was signibcantly increased in all hippocampal subhelds ( Figure 1A ). ANOV A indicated signibcant effects of treatment in all subhelds: CA1-F(3,17) = 10, p < .0004; CA2-F(3,17) = 35, p < .0001; CA 3 /4-F(3,17) = 36, p < .0001; dentate gyrus-F(3,17) = 28, P < .0001. Adminis tration of dexamethasone at the time of ADX signih cantly attenuated the increases in 5-HT lA mRNA ex pression in all subhelds ( Figure 1A ). Post hoc analysis indicated signihcant differences between ADX-saline and ADX-dexamethasone groups in all subhelds (p < .05, Fisher test). However, SHAM-saline and ADX-dex amethasone groups were also statistically different in all subhelds with the notable exception of CAl. Thus, it is apparent that 5-HT lA mRNA expression may be induced by ADX in most hippocampal subhelds even in the presence of GR occupation. ADX treatment also induced signibcant increases in 5-HT1A binding in all hippocampal subhelds, although these increments were proportionally smaller than 5-HT1A mRNA changes (Figure 18 ). In each subheld increases in 5-HT1A bind ing were evident across strata oriens, radiatum, and moleculare in addition to the pyramidal cell layer. Un like 5-HT1A mRNA expression, 5-HT1A binding levels were responsive to dexamethasone administration only within selective subhelds, CAl and dentate gyrus (Figures 18 and 2) . In these regions, post hoc analysis indicated signibcant differences between ADX-saline and ADX -dexamethasone groups (p < .05, Fisher test). 5-HT lA binding densities were not statistically differ ent in both CA2 and CAJ/4 subhelds of ADX-dexameth asone and ADX-saline groups.
DISCUSSION
In vivo, dexamethasone principally acts through GR receptors ). Quantibcation of corti costeroid receptor occupation and activation levels af- ter dexamethasone treatment indicates that dexameth asone selectively activates GR receptors ). Although dexamethasone also possesses affinity for MR receptors in vitro it does not appear to activate these sites in vivo , this is especially evident within the hippocampus. Thus, with regard to corticosteroid receptor-mediated responses, dexameth asone can be regarded as a relatively selective GR ago nist. The present studies were designed to investigate the effect of dexamethasone administration on hip pocampal5-HT1A receptor modulation. In agreement with previous experiments (Mendelson and McEwen 1992; Chalmers et al. 1993 ), the present data indicate that hippocampal 5-HT1A receptor mRNA expression and 5-HT1A binding are sensitive to circulating corti costeroid levels. One week ADX treatment induced large increases in 5-HT1A mRNA abundance across hippocampal subfields. These increases were signifi cantly attenuated by dexamethasone administration at
• Dentate Gyrus the time of ADX in all hippocampal subfields. The proportionally smaller increases in 5-HT1A binding in response to ADX treatment were also attenuated by dexamethasone administration; however, this effect was only evident in specific hippocampal subregions, CAl, and dentate gyrus. The results indicate that GR occupation negatively regulates hippocampal 5-HTIA receptors at the level of 5-HTIA receptor gene ex pression.
In previous studies we have shown that ADX induced increments in hippocampal 5-HT1A receptor mRNA levels could be prevented by administration of low levels of exogenous corticosterone at the time of ADX . The low mean plasma lev els of corticosterone observed in these replaced animals suggested that the effects of corticosterone were medi ated by high affinity MR receptors (De Kloet et al. 1986 ).
Corticosterone administration prevented ADX-induced increases in 5-HT1A mRNA across all hippocampal subfIelds . In the present study, dexamethasone administration also signifIcantly attenu ated increases in hippocampal 5-HT1A mRNA in re sponse to ADX. However, unlike corticosterone replace ment, dexamethasone administration was unable to maintain 5-HT1A mRNA levels at those of SHAM animals in most hippocampal subfIelds. Thus, although GR occupation negatively regulates 5-HT1A receptor mRNA expression, it appears to be less efficacious than MR occupation. Of course, based on the present in situ hybridization data, it is not possible to determine whether changes in 5-HT1A mRNA levels are due to changes in message transcription, mRNA stability, or both. Thus, it remains possible that MR and GR occu pation may regulate 5-HT1A mRNA levels via differen tial molecular mechanisms. The contrasting effects of corticosterone and dexamethasone are also evident at the level of 5-HT1A receptor binding. Although low cir culating corticosterone levels have been shown to pre vent ADX-induced increases in 5-HT 1A binding across most hippocampal subfIelds (Mendelson and McEwen 1992; Chalmers et al. 1993 ), the present study indicates that dexamethasone administration acts to regulate 5-HT1A binding in selective subfIelds, CAl, and den tate gyrus. The reasons for this subfIeld selectivity are unclear. However, it may be relevant that the highest levels of GR expression within the hippocampus are evident within CAl and dentate gyrus (Herman et al. 1989a) , perhaps making these subregions more sensi tive to glucocorticoids. Alternatively, it remains possible that 5-HT 1A receptors possess differential transcrip tional/translational efficiencies with respect to hippo campal subflelds. Thus, a longer time frame may be re quired to detect 5-HT1A receptor binding changes in CA2 and CAJ/4 in comparison to the dentate gyrus, de spite comparable changes in 5-HT 1A mRNA levels in these regions.
The ability of both MR and GR receptors to nega tively regulate hippocampal5-HTIA sites suggests that combined MR and GR receptor occupation may act to additively regulate 5-HT1A receptors. Such a proposal is supported by the ability of high dose corticosterone, producing MR and GR occupation, to decrease hippo campal 5-HT lA receptor binding to levels signilicantly lower than those observed with low dose corticoster one, producing only MR occupation (Mendelson and McEwen 1992) . It is signi6.cant that this effect was de tectable speciflcally within the dentate gyrus where high levels of both MR and GR receptors are found. In addi tion to regulation at the receptor level, it is likely that combined MR and GR occupation will result in signilicant alterations in hippocampal 5-HT lA receptor mRNA expression. Indeed, studies in our laboratory indicate that chronic non-habituating stress p�adigms, resulting in very high levels of circulating corticoster one, can reduce 5-HT lA mRNA levels to below base line in some hippocampal subflelds (Lopez et al. 1993 ). However, it is possible that other stress-activated cir cuitry may contribute to this receptor response as well. In this regard it is of interest that a previous study found increases in hippocampal 5-HTIA receptor binding in response to restraint stress (Mendelson and McEwen 1991) . However, these studies were conducted over a relatively acute time frame (1 and 5 days) as opposed to our chronic studies (2 weeks), raising the possibility that hippocampa1 5-HT1A sites may respond biphasi cally to stress. It is also relevant that different stressors have been shown to differentially affect midbrain raphe neurons (Lee et al. 1987) . Thus, the influence of raphe hippocampal activity may be variable with respect to the particular stressor involved.
The hippocampal formation is a key limbic struc ture commonly recognized as participating in the modu lation of cognition, mood, and behavior (Isaacson 1974) . In addition, the presence of high concentrations of MR and GR receptors, as well as a multitude of physiologi cal studies, implicate the hippocampus as an anatomi cal structure where corticosteroids act to modulate the activity of the limbic-HP A axis, thereby controlling their own release (Sapolsky et al. 1984; Herman et al. 1989b ). Thus, the hippocampus represents an important ana tomical interface between the HP A system and limbic NEUROPSYCHOPHARMACOLOGY 1994-VOL. 10, NO.3 circuitry. The ability of corticosteroids to regulate post synaptic 5-HTIA receptors within hippocampal sub regions provides one molecular mechanism by which steroids can influence the effects of serotonergic input to the hippocampus and, consequently, modulate lim bic function. Within the hippocampus, 5-HT lA recep tors on pyramidal cells mediate a hyperpolarizing re sponse associated with an increase in K + conductance (Segal et al. 1989) . Electrophysiological studies indicate that corticosteroids act via MR receptors to suppress 5-HT lA-mediated responses, at least within the CAl subfleld (Joels et al. 1991) . Such studies are concordant with the ability of corticosteroids to negatively regu late 5-HT lA receptor gene expression. However, within in vitro preparations, GR ligands apparently fail to suppress 5-HT1A-mediated conductance changes (Joels et al. 1991) . It is possible that the discrepancy be tween these in vitro studies and the present in vivo data relate to differential experimental time frames (1 to 4 hours for in vitro studies, 1 week for present study). If so, this suggests that 5-HT lA receptors may be more acutely responsive to MR occupation but chronically responsive to GR occupation.
High doses of corticosterone have been shown to reduce 5-HT lA related behavior in unstressed animals (Dickinson et al. 1985) . In this study, corticosterone treated animals exhibited no apparent changes in re gional5-HT synthesis, raising the possibility that corti costeroid related changes in postsynaptic �HT sensitivity may be involved. Our data suggests that MR- ) and/or GR-(present data) mediated reduc tions in hippocampal 5-HTlA receptor gene expression could contribute to such behavioral responses. The sen sitivity of brain 5-HT lA receptors to corticosteroid regu lation may be particularly relevant to the involvement of the HP A axis in modulating affective state as a wide body of evidence suggests a role for the 5-HTIA recep tor in the pathophysiology of mood disorders. For ex ample, a number of antidepressant drugs (tricyclics and monoamine oxidase inhibitors) have been found to regulate 5-HT 1A receptor number and responsiveness, particularly within the hippocampus (Blier and De Mon tigny 1985; Blier et al. 1988; WeIner et al. 1989) . In addi tion, selective 5-HTIA agonists, such as gepirone and buspirone, can be used to effectively treat generalized anxiety disorder (Rickels 1990 ), as well as major depres sion (Fabre 1990 ). Thus, chronic increases in cortico steroid secretion, such as those described in major depression (Kathol et al. 1989 ) and Cushing's Syndrome (Murphy 1991) , may contribute to the development or maintenance of affective symptomatology via MR-and GR-mediated alterations in hippocampal 5-HTIA re ceptor gene expression.
In sum, we have shown that dexamethasone ad ministration suppresses the expression of 5-HTIA reo ceptor mRNA in the hippocampus and that this regula-tion is accompanied by signifIcant reductions in 5-HTIA receptor binding in the dentate gyrus and CAl sub fields. These data indicate that hippocampal 5-HTIA sites are down-regulated under conditions of GR oc cupancy. Such modulation is highly relevant to stress induced regulation of limbic circuitry and may ulti mately contribute to putative corticosteroid-induced changes in affective state.
